Introduction
============

In recent years, dogs have been suggested as a model for several types of human cancer, including melanoma ([@b1-or-0-0-7391],[@b2-or-0-0-7391]). Melanoma is the most lethal skin cancer affecting humans. According to 'Cancer statistics, 2018' from the American Cancer Society, a total of 9,320 deaths were estimated in 2018, only in the US ([@b3-or-0-0-7391]). However, the global incidence of melanoma is more of a concern ([@b4-or-0-0-7391]). Cutaneous melanoma is the most common form of melanoma among individuals with fair skin, whereas non-cutaneous melanoma occurs in a greater proportion in populations of other ethnic groups ([@b4-or-0-0-7391],[@b5-or-0-0-7391]). Oral melanoma is the most common melanoma type among dogs and accounts for 7% of all malignant tumors in dogs ([@b6-or-0-0-7391]). The median progression-free survival of dogs with oral melanoma is \<200 days even following excision and DNA vaccination ([@b6-or-0-0-7391],[@b7-or-0-0-7391]).

It has recently been reported that human mucosal and dog oral melanoma bear more similar genetic alterations, such as copy number variations (CNVs), single nucleotide variations (SNVs) and mutations or deletions than human cutaneous melanoma ([@b8-or-0-0-7391]). More similarities have also been observed in tumor location and histology with the mucosal than the cutaneous type ([@b2-or-0-0-7391],[@b8-or-0-0-7391]). Moreover, the genomic classification of cutaneous melanoma has revealed a subtype without mutation that exhibits increased aggressiveness, such as mucosal melanoma ([@b9-or-0-0-7391],[@b10-or-0-0-7391]). Due to these similarities between both species, dog oral melanoma has been suggested as a suitable model for both mucosal and triple wild-type human melanoma ([@b2-or-0-0-7391],[@b10-or-0-0-7391],[@b11-or-0-0-7391]). Several genetic mutations or loss of function events observed in human melanoma have also been identified in dog oral melanoma, such as BRAF^V600E^ ([@b12-or-0-0-7391]), NRAS (Q61) mutation ([@b11-or-0-0-7391]), loss function of phosphatase and tensin homolog (PTEN) ([@b11-or-0-0-7391]) and c-KIT mutation and/or overexpression ([@b13-or-0-0-7391]).

Genomic instability is a hallmark of cancer. Some aberrant genes promote cancer progression, while simultaneously inhibiting normal cellular process, whereas other deregulated genes occur as passenger alterations. The identification of specific cancer-causative genes may be effective for the development of therapeutic strategies against cancer. In this study, we used a novel technique to identify genes that are involved in melanoma development. We hypothesized that cancer-causing genes include orthologous genes that are altered within the same type of cancer among different species. Our hypothesis is an extension of cancer research that has been used for a number of years: Recurrent abnormalities among multiple cases are more likely to be causative factors than non-recurrent events. Our view was that recurrently aberrant orthologous genes in the same type of cancer between two related species are the main causative agents for disease progression. We extended our analysis between dogs and humans, which share ancestral DNA and have a similar incidence of melanoma ([@b2-or-0-0-7391],[@b14-or-0-0-7391]). This approach can better distinguish melanoma-causing genes from passenger aberrations, which may appear as a miscue in a single species investigation.

Previous reports have suggested dogs as a model for human melanoma. However, the genes and pathways involved in melanoma susceptibility have not yet been studied between species, at least to the best of our knowledge. In this study, we systematically analyzed and compared the canine and human melanoma transcriptome to address two objectives: To identify gene expression similarities between dog and human melanoma, and to examine common functional aspects of genes regulated during melanoma development between the species. We identified common differentially expressed genes (DEGs) between the two species and revealed causative or active genes involved in the pathogenesis of melanoma, which may further aid in the development of more effective therapeutic approaches for melanoma in both species.

Materials and methods
=====================

### Tissue samples

Dog oral melanoma tissue samples (n=17) were obtained following surgical resection (as a primary treatment for the melanoma patient) at the Kagoshima University veterinary teaching hospital. The patient\'s owners were informed prior to sample collection. Confirmed diagnosis was affirmed by the hospital. Tissue samples were maintained immediately in RNA*later*™ (Invitrogen; Thermo Fisher Scientific) following isolation and incubated overnight at 4°C and then stored at −80°C until further RNA extraction. Detailed information of the 17 samples is listed in [Table SI](#SD1-or-0-0-7391){ref-type="supplementary-material"}. Control oral tissues were obtained following surgical resection from healthy dogs (n=12) during routine anatomical practical training classes from the Kagoshima University shed. The site (oral melanoma or healthy oral tissue) and general surgical procedure for sample collection was the same between the healthy dogs and those with melanoma. Anesthesia was performed and maintained accordingly during the surgical procedure \[pre-administration: Atropine sulfate 20 µg/kg (i.v.), Robenacoxib 2 mg/kg (i.v.); induction: Propofol \~5 mg/kg (i.v.); Maintenance: Sevoflurane 0.5--5% (inhalation)\]. The anesthesia regimen was according to the American Animal Hospital Association (AAHA) guidelines ([@b15-or-0-0-7391]). Palpebral and jaw reflexes were used to confirm that the animals were fully anesthetized. Other monitoring parameters, such as temperature, heart and respiratory rate, blood pressure, oxygen saturation, end tidal CO~2~, etc. were continuously checked during this period. Animals were not euthanized as part of the current study. The study design and experimental protocols were approved by the university and the Kagoshima University veterinary teaching hospital ethics committee (KV0004).

### RNA extraction and sequencing

The *mir*Vana™ miRNA isolation kit (Thermo Fisher Scientific lnc.) was used to isolate total RNA from the tissues according to the manufacturer\'s protocol. RNA concentration was measured using a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific lnc.). RNA quality and integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). The RNA integrity number (RIN) mean value for the tissue was 8.8 (range 7--10).

Following RNA isolation and quality assurance, small RNA libraries were prepared and sequenced by Hokkaido System Science Co., Ltd. The TruSeq RNA Sample Prep kit version 2 (Illumina) was used for library preparation. The low sample protocol was followed and input total RNA was 0.5 µg. Briefly, PolyA-containing mRNA was purified using oligo-dT-attached magnetic beads. mRNA was fragmented into small sections following purification under an elevated temperature (94°C) using divalent cations. Fragmented mRNAs were copied into first-strand cDNA using reverse transcriptase with random primers. Second-strand cDNA synthesis was followed by DNA polymerase I and RNase H treatment. cDNA fragments underwent end repair process, a single addition of 'A' base and then ligation of adapters. The final cDNA library was created through purification and enrichment with PCR process.

### Bioinformatics analysis

For bioinformatics analysis, the below procedures and analyses were performed.

### Reads processing and differential expression analysis

We received high quality reads from the sequencing facilities average Phred score \>36. Sequencing data were imported into the CLC Bio Genomics Workbench (CLC Bio; Qiagen) as recommended by the manufacturer\'s manual (<http://resources.qiagenbioinformatics.com>). The normalization of reads, quality, ambiguity and adapter trimming or quality control was performed with the CLC Bio Genomics Workbench (versions 9 and 10). Paired end reads (100 bp) were further analyzed according to the RNA-seq analysis guide of the CLC Genomics Workbench. Default parameters were used during mapping and all other subsequent analysis. Briefly, during reads mapping to a genome, genome annotated with genes and transcripts were selected and a mRNA track, gene track and a genome track Canis familiris.canfam3.1 were used ([@b16-or-0-0-7391]). Reference sequences were downloaded using the workbench downloading option. During counting, the reads for expression values and the intact pairs were counted, while the broken pairs were ignored. The expression value was calculated in total counts, unique counts, transcripts per million, and reads per kilobase of exon model per million mapped reads (RPKM) ([@b17-or-0-0-7391]). Differential Expression for the RNA-Seq tool was used to perform the statistical differential expression test. This tool followed a multi-factorial statistics based on a negative binomial Generalized Linear Model. The Wald test was used for comparison between the groups. We set the criteria for differential expression genes as false discovery rate (FDR) \<0.05, fold change (FC) \>2 (both upregulated and downregulated), and maximum group mean \>5 (RPKM).

### Cross species analysis of DEGs

We downloaded 3 RNA-seq datasets from the GEO database: GSE71747 for the human melanoma tissue, GSE88741 for the human melanoma cell line and GSE29155 for human prostate cancer. The datasets included for the cross-species analysis are illustrated in [Fig. S1](#SD1-or-0-0-7391){ref-type="supplementary-material"}. Data were downloaded directly to the genomic workbench and the above-mentioned procedures and criteria were followed to analyze the reads. Human ortholog genes were collected by the BioMart tool within Ensembl ([@b18-or-0-0-7391]). Comparisons were drawn regarding the FC and with or without statistical significance of the ortholog genes between the species.

### Gene ontology (GO), pathways and transcription factor analysis

GO and transcription factor analysis was performed by the WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) ([@b19-or-0-0-7391]) following the gene set enrichment analysis (GSEA) method. For pathway analysis, we blended 2 methods from WebGestalt and Pathview ([@b20-or-0-0-7391]). We performed GSEA using the WebGestalt and Generally Applicable Gene-Set Enrichment (GAGE) by Pathview according to their default settings. Finally significant (q value or FDR \<0.05) pathways from the two methods were selected.

### Network analysis

Common DEGs were uploaded to STRING (<https://string-db.org/>) to obtain the protein interaction network ([@b21-or-0-0-7391]). The parameter for the confidence score was set to 7. Cytoscape 3.5.1 (<https://cytoscape.org/>) was used to analyze the network ([@b22-or-0-0-7391]). Closed networks were considered during network construction both in STRING and Cytoscape. MCODE algorithm was used within the Cytoscape application for cluster network analysis.

### RT-qPCR

Total RNA (250 ng) was reverse transcribed into cDNA using the ReverTra Ace^®^ qPCR RT Master Mix with gDNA Remover (Toyobo). RT-qPCR was performed using a TaqMan^®^ Fast Advanced Master Mix kit (Thermo Fisher Scientific Inc.) and a StepOne Plus™ Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific Inc.). Optimal reagent concentration and reaction condition described in the manufacturer\'s instructions were followed. The thermocycling conditions used for qPCR were as follows: 50°C for 2 min, 95°C for 20 sec; followed by 40 cycles of denaturation at 95°C for 1 sec and annealing/extension at 60°C for 20 sec. The 2^−ΔΔCq^ method was used to determine gene expression levels ([@b23-or-0-0-7391]). RT-qPCR reactions of undetermined Cq were assigned Cq=36 cycle. GAPDH was used as a quantitative normalization reference. Primer sequences of the TaqMan Gene Expression assays are available in the following IDs: Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cf04419463), collagen type VII alpha 1 chain (COL7A1; Cf02690281), AKT serine/threonine kinase 3 (AKT3; Cf02704523), ERBB receptor feedback inhibitor 1 (ERRFI1; Cf02653684), inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB; Cf02695869), nerve growth factor (NGF; Cf02697134), epidermal growth factor receptor (EGFR; CF02626541), matrix metalloproteinase 9 (MMP9; CF02621845) and interleukin (IL)6 (Cf02624282). The details of the mentioned IDs can be found in the following website: <https://www.thermofisher.com/order/genome-database/>.

### Statistical analysis

GraphPad Prism 7 ([www.graphpad.com](www.graphpad.com)) was used for statistical analysis. Hierarchical clustering analysis was performed on log~10~ ratio with every gene expression from each sample. Hierarchical clustering was done with Euclidean distance metrics and complete linkage algorithm. Comparisons between the group (healthy, n=12; melanoma, n=17) of the RT-qPCR data were performed using the Mann-Whitney U-test. A P-value \<0.05 was considered to indicate a statistically significant difference.

Results
=======

### RNA-seq

RNA-seq was performed successfully for 11 samples (healthy controls, 3; melanoma, 8). Sequences were submitted to SRA databases (PRJNA527141). All sequence data were 2×100 bp in length with high quality metrics (\>36 Phred score). The total number of read pairs ranged from 44 million to 47 million. Approximately 83% (range: 81--84%) of the read pairs were mapped to gene track (Canfam3.1). The percentage of genomic mapping was similar between the control and melanoma samples (means ± SD: 83.743±0.357 and 83.023±0.645%, respectively) ([Fig. 1A](#f1-or-0-0-7391){ref-type="fig"}), suggesting that no significant biases were introduced during data generation between the groups (P=0.133). Mapping statistics indicated that the data were of high quality and uniform (no outliers regarding the genome). Principal component analysis of the expressed genes revealed a clear separation of the control group from the melanoma group ([Fig. 1B](#f1-or-0-0-7391){ref-type="fig"}). The status of the top 20 expressed genes in the healthy group was compared with the expression in the melanoma group. In total, 11 of the top 20 expressed genes in the healthy group were not observed in the melanoma group ([Fig. 1C](#f1-or-0-0-7391){ref-type="fig"}). *KRT13* was the most highly expressed gene in the controls and *MT-ATP6* was the most highly expressed gene in the melanoma group ([Table SII](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Known melanoma oncogenes, such as *COL1A1, Vimentin* and *SPARC*, were among the top 10 expressed genes in the melanoma group, while these genes were absent in the healthy group. These results revealed that the data had sufficient sequencing depth and were suitable for further differential expression analysis.

### Identification and characterization of DEGs

To identify DEGs in the melanoma samples, we set up the following stringent criteria: FDR \<0.05, FC \>2, and maximum group mean \>5 (RPKM). This criterion identified 2,555 DEGs ([Fig. 2A](#f2-or-0-0-7391){ref-type="fig"}), including 1,421 upregulated and 1,134 downregulated genes ([Tables SIII](#SD1-or-0-0-7391){ref-type="supplementary-material"} and [SIV](#SD1-or-0-0-7391){ref-type="supplementary-material"}). The magnitude of the FC was higher in the downregulated group. In addition, 364 DEGs annotated by Ensembl were defined as novel genes, as they did not match species-specific entries in the UniProtKB/Swiss-Prot or RefSeq databases; these genes included 219 upregulated and 145 downregulated genes ([Tables I](#tI-or-0-0-7391){ref-type="table"} and [SV](#SD1-or-0-0-7391){ref-type="supplementary-material"}).

We then classified the DEGs based on expression according to a previous study, with slight modifications ([@b24-or-0-0-7391]). Genes were defined as very rare (5--15 RPKM), rare (16--99 RPKM), moderately abundant (100--499 RPKM) and abundant (\>500 RPKM). The majority of genes were categorized as very rare (44.8%) and rare (45.5%), followed by moderately abundant (7.7%) and abundant (2.0%) ([Fig. 2B](#f2-or-0-0-7391){ref-type="fig"}). Similarly, the novel genes were mostly categorized as very rare (45.32%) and rare (39.56%), followed by moderately abundant (12.91%) and abundant (2.2%) ([Fig. 2C](#f2-or-0-0-7391){ref-type="fig"}).

We then examined the 'on-off' genes in melanoma. Genes that were highly expressed (\>5 RPKM maximum group mean) in one group with no expression in the other group (\<1 RPKM min group mean) and FDR as '0' were defined as 'on-off' genes. We identified 321 'on-off' genes, including 80 'on' (upregulated) genes and 241 'off' (downregulated) genes ([Tables SVI](#SD1-or-0-0-7391){ref-type="supplementary-material"} and [SVII](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Among the 'on' genes, *BGN, CXCL8* and *PI3* were abundant genes (\>500 RPKM), whereas 14 'off' genes, including 3 keratin genes (*KRT13, KRT71* and *KRT78*), were abundant. In the novel gene group, we identified 48 'on-off' genes (13 'on' and 35 'off' genes). Two genes were abundant (\>500 RPKM) in each group ([Tables SVIII](#SD1-or-0-0-7391){ref-type="supplementary-material"} and [SIX](#SD1-or-0-0-7391){ref-type="supplementary-material"}). The abundant 'on-off' genes are presented in [Table II](#tII-or-0-0-7391){ref-type="table"}.

To identify which chromosome harbored the majority of the DEGs, we analyzed the chromosomal location of all DEGs. We found that the highest number of upregulated genes (n=104) were on CFA~9~ (dog chromosome 9) and the highest number of downregulated genes (n=96) were on CFA~1~ (dog chromosome 1) ([Fig. 2D and E](#f2-or-0-0-7391){ref-type="fig"}). We also observed that 12 upregulated and 13 downregulated novel genes were located on CFA~9~ and CFA~1~, respectively ([Table SV](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Of note, the highest numbers of 'on' genes (n=8) and 'off' genes (n=26) were on CFA~9~ and CFA~1~, respectively ([Tables SVI](#SD1-or-0-0-7391){ref-type="supplementary-material"} and [SVII](#SD1-or-0-0-7391){ref-type="supplementary-material"}). When sequence reads were mapped against these 2 chromosomes, there were missing peaks or new peaks (peaks were made by the mapped sequence in the region) in each group ([Fig. 2F and G](#f2-or-0-0-7391){ref-type="fig"}).

We then performed functional analysis of the DEGs. Using the PANTHER classification system ([@b25-or-0-0-7391]) DEGs produced 1,701 protein hits with 24 protein classes ([Fig. S2A and B](#SD1-or-0-0-7391){ref-type="supplementary-material"}). The most abundant group of genes was in hydrolase (8.70%). Relatively higher percentages of upregulated genes were in the signaling molecule, enzyme modulator, receptor, extracellular matrix protein, defense/immunity protein and cell adhesion molecule. Immuno-related genes are also investigated by comparing the immune-genes from ImmPort resources ([@b26-or-0-0-7391]). We found 174 and 75 immunogenes in the up- and downregulated group, respectively. In both groups, antimicrobial-related immunogens were abundant ([Fig. S2C](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Subsequently, we performed overrepresentation enrichment analysis (ORA) and found chemokines and antimicrobials were 2 significant (P\<0.05) terms in the upregulated group with the highest enrichment ratio (chemokines, 1.6; antimicrobials, 1.3), respectively. The term chemokines was most enriched in the downregulated group, but did not bear statistical significance (data not shown).

GO, pathway and transcription factor analysis
---------------------------------------------

### GO analysis

We then analyzed the DEGs by WebGestalt using the GSEA method. GO analysis categorizes DEGs into 3 categories: i) Biological process (BP); ii) cellular component (CC); and iii) molecular function (MF). In total 18 GO terms were significantly enriched ([Fig. 3A](#f3-or-0-0-7391){ref-type="fig"}). Defense response (GO: 0006952), cell-cell signaling (GO: 0007267), extracellular matrix (GO: 0031012), collagen trimer (GO: 0005581), cytokine receptor binding (GO: 0005126) and cytokine activity (GO: 0005125) were the top enriched terms in each category. Other significant GO terms (gliogenesis, taxis, immune response, growth factor activity, glycosaminoglycan binding, G-protein coupled receptor binding) related with the altered physiology during melanoma progression. Among the 18 significant GO terms, 9 were directly related to cytokines. Taken together, the GO results indicate that most DEGs are involved in cytokine-oriented functions.

### Pathway analysis

We performed pathway analysis by 2 methods: GAGE and GSEA. In total, 9 common pathways were significantly enriched in both methods ([Fig. 3B](#f3-or-0-0-7391){ref-type="fig"}). To rank the pathways, the position of each analysis was taken and the average was examined. Cytokine-cytokine receptor interaction (CFA04060), focal adhesion (CFA04510) and ECM-receptor interaction (CFA04512) were the top 3 pathways. PI3K-AKT (CFA04151) and TNF (CFA04668) signaling pathways were also present in our analysis.

### Enriched transcription factor motif

To examine motifs up to 4 kb around the transcription start sites of the DEGs, we used GSEA within WebGestalt. In total, 10 transcription site binding motifs were significantly enriched in the upregulated DEGs ([Fig. 3C](#f3-or-0-0-7391){ref-type="fig"}). Among these 10, 6 were known and 4 were unknown motifs that do not match any known transcription factor binding site from the database (v7.4 TRANSFAC). The binding motifs for ATF1 and NF-κB were observed in the highest number of upregulated DEGs.

### Cross species analysis of human and dog melanoma

We analyzed 2 human melanoma RNA-seq from GEO datasets (please see Materials and methods). To evaluate the pattern of FC of the dog DEGs in human melanoma, we converted the genes to the human orthologues and compared the FC with the human melanoma study without considering statistical significance. The analysis of the human melanoma tissue results revealed that 63% of the upregulated genes and 40% of the downregulated genes had the same direction of FC between the species ([Fig. 4A](#f4-or-0-0-7391){ref-type="fig"}). In the case of human melanoma cell lines, we observed 58 and 47% similarities in FC, respectively ([Fig. S3A](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Of note, when we compared the statistically significant genes between the species (FDR \<0.05, FC ≥2; common DEGs), the percentage of shared upregulated genes increased (tissue, 88%; cell line, 62%) in both experiments ([Figs. 4B](#f4-or-0-0-7391){ref-type="fig"} and [S3B](#SD1-or-0-0-7391){ref-type="supplementary-material"}, and [Tables SX-SXIII](#SD1-or-0-0-7391){ref-type="supplementary-material"}). These findings indicate a marked overlap in upregulated genes or oncogenes between human and dog melanoma.

To further understand the association between human and dog tissue melanoma, we performed hierarchical clustering analysis. Common DEGs between the 2 melanoma (human and dog) tissue experiments were selected and expression values were considered from all other experiments for clustering. Clustering analysis of dog and human melanoma tissues, cell line and prostate cancer revealed that dog melanoma clustered together with a subset of human tissue melanoma samples ([Fig. 4C](#f4-or-0-0-7391){ref-type="fig"}). These results indicate the closer transcriptomic similarities between dog and human melanoma compared with other types of cancer. Prostate cancer data were included to indicate the dissimilarities in different types of cancer between the species.

We found that 429 upregulated melanoma signature genes, including 105 genes commonly upregulated in all 3 melanoma sets, 284 genes upregulated in human and dogs tissue melanoma, and 40 genes upregulated in cell line and dog melanoma, were the main causative driver genes for melanoma development ([Table SXIV](#SD1-or-0-0-7391){ref-type="supplementary-material"}). Approximately half (n=41, 51%) of the on genes identified in dog melanoma samples were present in this group.

To examine the processes of melanoma development in the 2 species, we performed GSEA of common DEGs from 3 experiments. In total 10 pathways had an FDR \<0.06 and 3 had a normalized enrichment score \>2 ([Fig. 4D](#f4-or-0-0-7391){ref-type="fig"}). The top 3 pathways were immune and signaling related pathways. The leading edge genes of these pathways were also deregulated in a similar pattern in both species ([Fig. 4D](#f4-or-0-0-7391){ref-type="fig"}, lower panel).

We established a network from common DEGs by STRING and performed analysis by MCODE in Cytoscape. Twelve cluster networks were obtained ([Fig. 4E](#f4-or-0-0-7391){ref-type="fig"}). The majority of the genes of the first 3 networks encode signaling peptides. Genes in the first network are collagen and integrin genes ([Fig. 4F](#f4-or-0-0-7391){ref-type="fig"}; upper left panel). The second and third cluster genes are genes encoding cytokines-chemokines and growth factors ([Fig. 4F](#f4-or-0-0-7391){ref-type="fig"}; upper right and lower panels). As the FC of genes in the network was the same between the species, this indicated that these genes may exhibit similar melanoma promoting networking function between the species.

### Validation of DEGs by RT-qPCR

To confirm the result of RNA-seq we validated several genes by RT-qPCR. We confirmed that *COL7A1, AKT3, ERRFI1, IKBKB, NGF, IL6, MMP9* and *EGFR* genes were differentially expressed in dog melanoma ([Fig. 4G](#f4-or-0-0-7391){ref-type="fig"}). Similar fold changes of the genes were observed between RNA-seq and RT-qPCR.

Discussion
==========

To the best of our knowledge, this is the first report of comprehensive RNA-seq in canine oral malignant melanoma. A previous study performed RNA-seq on canine cutaneous melanoma ([@b27-or-0-0-7391]). Oral melanoma is the most frequent site for malignant melanoma compared with cutaneous type ([@b11-or-0-0-7391],[@b28-or-0-0-7391]). In addition, previous studies have demonstrated that oral melanoma in dogs can be used as a model for human melanoma ([@b2-or-0-0-7391],[@b10-or-0-0-7391],[@b11-or-0-0-7391]).

The results of this study revealed that *COL1A1, SPARC* and *VIM* were the top highly expressed DEGs in canine oral malignant melanoma. These genes have also been well studied in human melanoma or other types of cancer for their oncogenic behavior ([@b29-or-0-0-7391]--[@b32-or-0-0-7391]). In comparison, *KRT13, KRT71* and *S100A8* were not expressed in the melanoma group. In a study on human squamous cell carcinomas of the head and neck and esophagus, *KRT13* was found to be epigenetically silenced, while the chromosomal location of the *S100A8* gene was found to be frequently altered or deleted and downregulated ([@b33-or-0-0-7391],[@b34-or-0-0-7391]). However, genes that are expressed in either of the group bear more significance than those with less magnitude of change. These genes bear more importance for biomarker or therapeutic study. We thus found the 80 genes that were expressed only in canine malignant melanoma (\>5 RPKM maximum group mean) compared with healthy tissue (\<1 RPKM min group mean), with the aim of identifying genes that were turned on during melanoma progression. Using this criterion, *BGN, CXCL8* and *PI3* were identified as 3 abundant genes in canine malignant melanoma. Only *CXCL8* was previously investigated in dogs to be increased in hemangiosarcoma ([@b35-or-0-0-7391]). *BGN, CXCL8* and *PI3* have previously been studied in human melanoma and other types of cancer ([@b36-or-0-0-7391]--[@b38-or-0-0-7391]). The abundant genes are only approximately 2% of the total DEGs. As highly expressed genes (abundant) are transcribed upon the essential demands of cells, their exact association with and involvement in melanoma progression warrants further investigation.

Cytogenic analysis of the DEGs revealed that CFA~1~ harbored the majority of the 'off' genes or downregulated genes. Loss of alleles or abnormalities in HSA~1~ (human chromosome 1) in human malignant melanoma was previously reported ([@b39-or-0-0-7391],[@b40-or-0-0-7391]). This suggests that chromosome 1 is important in melanoma and the function in melanoma suppression is conserved in both species. We examined the distribution of DEGs in 24 protein classes and found the highest number of genes within the hydrolase category (220 genes). Most of the hydrolases were proteases (135 genes). Proteases are involved in regulatory signaling networks with kinases or other factors can function to transmit oncogenic signals in the tumor micro-environment. The Protein classification of these DEGs provides an important foundation for further understanding of the pathogenesis of melanoma. Melanoma is one of the most immunogenic cancers. The immunogenic landscape of dog oral melanoma DEGs revealed the enrichment of chemokines and antimicrobials genes. Previous studies have proven that chemokines play specific roles in human melanoma tumor growth and metastasis ([@b41-or-0-0-7391],[@b42-or-0-0-7391]). Chemokine-based therapy is also under continuous investigation ([@b43-or-0-0-7391]). Moreover, antimicrobial immunogenes may enrich as a first line defense of the cancer cells, although many of them can regulate chemokines and other immunogenic signals.

GO analysis revealed that the majority of proteins encoded by DEGs were distributed in the extracellular domain or cytoplasm. We hypothesized that these proteins drive cells to undergo several physiological processes to generate the oncogenic microenvironment. In this study, different response, cytokine and signaling process-related genes were enriched and were involved in G-protein, growth factor, glycosaminoglycan and cytokine-related activity. G-protein-coupled receptors are key players in the regulation of various pathophysiological responses to initiate cancer development, including melanoma. GPCR-targeted drugs have exhibited excellent therapeutic benefits in human cancers ([@b44-or-0-0-7391]). Another significant term, growth factor activity involved in cancer, was first discovered in the 1950s by Cohen *et al* ([@b45-or-0-0-7391]). Subsequent studies demonstrated various roles of growth factors in the tumor microenvironment including in melanoma ([@b46-or-0-0-7391]). Glycosaminoglycans and the conjugated proteins were reported to be involved in the tumor micro-environment and often perform crucial functions along with cytokine and growth factors ([@b47-or-0-0-7391]).

In this study, we identified 9 pathways enriched in the DEGs using 2 methods to avoid possible bias. ECM receptor interaction, focal adhesion, protein digestion and absorption and cytokine receptor interaction were the most enriched pathways and along with 3 PI3K-AKT signaling pathways were previously reported to be involved in canine cutaneous melanoma ([@b27-or-0-0-7391]). Pathway analysis has been useful for the analysis of experimental high-throughput biological data to facilitate data interpretation. For example, *IKKβ*, one of the major positive regulators of the NF-κB transcription factor, was found to be downregulated in canine oral melanoma ([Fig. S4](#SD1-or-0-0-7391){ref-type="supplementary-material"}). However, several target genes of NF-κB were upregulated, indicating that NF-κB was activated. We also examined the transcription factors binding motifs that may represent the transcription factors of upregulated genes and found that the NF-κB binding motif was the most enriched. This suggests that NF-κB genes are activated through NF-κB-independent mechanisms or that NF-κB is activated through IKK*β*-independent mechanisms. However, when we analyzed the pathways for the common deregulated genes between humans and dogs, we found that JAK-STAT was the most enriched pathway. Among the target genes of NF-κB, *STAT3, NF-κB1* and *RELA* share the highest number of genes (<http://www.grnpedia.org/trrust/result.php?gene=STAT3&species=human&confirm=>). This indicates that these target genes can be transactivated by either NF-κB or STAT3, or both factors. In this study, we found that 39 targets were upregulated in the dog melanoma data and 21 were significant. In the human data, among the 21 orthologues, 17 were upregulated ([Table SXV](#SD1-or-0-0-7391){ref-type="supplementary-material"}). These data again suggested that one or both of the transcription factors may be activated. As *IKKβ* was downregulated, we hypothesized that the canonical pathway was not activated in dogs. The target genes can be transcribed by either non-canonical or atypical pathways of NF-κB or by STAT3. A previous study also demonstrated that feedback loops exist between both signaling pathways. IL6, as one of the targets of NF-κB, can be regulated by STAT3 activation ([@b48-or-0-0-7391]). IL6 was expressed in both human and dog melanoma. One study demonstrated that the pro-survival function of NF-κB was related to its functional interaction with the PI3K/AKT/mTOR signaling pathway. AKT engages mainly with IKKα instead of IKKβ in promoting NF-κB activation ([@b49-or-0-0-7391]). NGF can activate NF-κB by the atypical pathway ([@b50-or-0-0-7391]). Phosphorylation mediates the activation of STAT3 through TrkA by NGF ([@b51-or-0-0-7391]). Therefore, IL6 may be a crucial regulator in melanoma initiation by regulating the STAT3/NF-κB loop, while the atypical NF-kB pathway is maintained in dogs by NGF. Further studies are required to examine the potential for IL6 and NGF as novel therapeutic targets in melanoma for both species. RT-qPCR analysis confirmed the upregulation of *NGF, AKT*, and *IL6* and *IKKβ* downregulation in canine melanoma tissue samples.

Several studies have demonstrated clinicopathological and molecular similarities in melanoma between dogs and humans ([@b10-or-0-0-7391],[@b11-or-0-0-7391],[@b52-or-0-0-7391]). However, to the best of our knowledge, no study to date has revealed the oncogenic transcriptomic similarities of melanoma between these species. In this study, we evaluated the common DEGs between the species. Among the upregulated genes in dog melanoma, 88 and 62% orthologous genes were also upregulated in human melanoma tissue and cell lines, respectively. In addition, among the 429 upregulated melanoma signature genes, 48 were previously reported in melanoma according to the Melanoma Gene Database (MGDB) ([@b53-or-0-0-7391]) ([Table SXIV](#SD1-or-0-0-7391){ref-type="supplementary-material"}). This result indicates that oncogenic functions of these genes for melanoma progression are conserved between the two species. Previous studies have also demonstrated that higher homology of known cancer genes, as well as mutation or inactivation events in cancer or other diseases are shared between these 2 species ([@b11-or-0-0-7391],[@b54-or-0-0-7391],[@b55-or-0-0-7391]). The findings of this study further support the similarities in melanoma progression between dogs and humans. Several subtypes of melanoma have been identified in humans ([@b9-or-0-0-7391]). Dog oral melanoma has been suggested as a model for human mucosal and the triple wild-type subtype ([@b10-or-0-0-7391],[@b11-or-0-0-7391]). The cluster analysis of this study with melanoma and prostate cancer revealed that dog melanoma clustered with a group of human tissue melanoma. These results again affirm previous studies that a human melanoma subtype is similar to dog melanoma. This study also demonstrates that the dog model will be more efficient to investigate or develop novel therapeutics compared with cell lines.

We also created a protein network using a human database. We speculated that deregulated proteins/genes in melanoma interact to drive disease progression. Functional association in melanoma has been found from the protein interaction network ([@b56-or-0-0-7391]). In this study, each network cluster contained genes that perform similar functions, such as the first cluster that mostly contained collagen and integrins mainly involved with extracellular matrix-related functions. Our results suggest that the same network exists in both species, as the genes show the same trend of expression in melanoma. The roles of collagen and integrins in cancer have been well studied ([@b57-or-0-0-7391],[@b58-or-0-0-7391]). Potential therapeutic targets can be attained from this type of interaction network strategy, which is also reported by a previous study ([@b56-or-0-0-7391]).

In conclusion, this study successfully identified the transcriptomic aberrations in canine oral melanoma. Our evidence demonstrating the similarity of melanoma between the 2 species further emphasizes dogs as a suitable pre-clinical model for human melanoma. By comparing the melanoma transcriptome between the 2 species, we identified the key genes and molecular pathways for further study to develop more effective therapeutic approaches to melanoma.
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![Reads characterization of RNA-seq from canine oral melanoma. (A) Mapped percentage of the reads against the reference genome. Percentages of the mapped reads were estimated with the average percentage of mapped reads from each group. Healthy, n=3; melanoma, n=8. (B) Principal component analysis of variance from transformed RNA seq reads counts for whole transcriptome by CLC Workbench. Axis indicates the variance contribution. Blue is for healthy and red is for melanoma samples. (C) Comparison of top twenty expressed genes in healthy (n=3) and melanoma (n=8) group. Number and color gradient (red to blue) were used to indicate highest to lowest ranking. Uncommon genes between the groups are underlined and positions are marked black color in melanoma. PC, principal component.](or-43-01-0016-g00){#f1-or-0-0-7391}

###### 

Differentially expressed genes from RNA-seq and their chromosomal location. (A) Volcano plot representing the differential expression of genes from RNA-seq. Each dot indicates one gene. A red dot indicates significant genes according to our stringent criterion, (FC) \>2 and maximum group mean \>5 (RPKM). The x-axis indicates the Log2 fold change of the genes comparing healthy and melanoma group; the y-axis indicates the -Log~10~ false discovery rate (FDR). (B and C) Overall expression abundance of known and novel differentially expressed genes respectively. Numbers indicate the number of genes in each category: Very rare (5--15 RPKM), rare (16--99 RPKM), moderately abundant (100--499 RPKM) and abundant (\>500 RPKM). (D and E) Chromosomal locations of differentially expressed genes. Numbers indicate the corresponding chromosome identity. The chromosome with the highest number of differentially expressed genes is indicated by the red border; (D) upregulated and (E) downregulated genes in the chromosomal locations. Differentially expressed genes from RNA-seq and their chromosomal location. (F and G) Reads mapped from each individual sample to the CFA1 and CFA9 regions from RNA-seq. Dotted lines indicated the mapped sequence variation of every sample between the groups. The X is the length of the chromosome and Y is the mapped sequences of each sample.
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![Gene Ontology, pathway and transcription factor (TF) analysis of the differentially expressed genes. (A) Gene Ontology analysis of significant terms in biological process (BP), cellular component (CC) and molecular function (MF). Blue bars indicate the normalized enrichment score (NES); red bars indicate the -log false discovery rate (FDR). (B) Pathways that were significant between two methods are shown. The x-axes represent the -log value of generally applicable gene set enrichment (GAGE) q value and gene set enrichment analysis (GSEA) FDR. (C) Enriched TFs are shown with NES and number of leading edge genes in log scale at the x-axis.](or-43-01-0016-g03){#f3-or-0-0-7391}

###### 

Differentially expressed genes between human and dog melanoma. (A and B) Gene fold change (FC) between the species with or without considering statistical significance in dog melanoma. Numbers and percentages of common up- and downregulated genes are shown in the overlapping region. The x-axis is the number of genes and the y-axis indicates the FC. (C) Heatmap with cluster analysis showing the expression of common oncogenes between prostate cancer cell lines (LNCaP-P1-P7), human melanoma cell lines \[SK_MEL_28 (28_1-3), SK_MEL_147 (147_1-3), UACC_62 (62_1-3)\], canine oral melanoma (DM_1-8) and human tissue melanoma (HM_1-17). The color gradient on the right indicates the expression values. Euclidean hierarchical clustering with complete linkage was used. Dog and human clustered together is indicated within the red line. Differentially expressed genes between human and dog melanoma. (D) Common enriched pathways between humans and dogs. Schematic on top right panel indicates how leading edge genes were defined. Fold changes of the leading edge genes from the top 3 pathways in both species are shown on the bottom panel. FDR, false discovery rate; NES, normalized enrichment score. (E) Schematic presentation of 12 network clusters established by the common differentially expressed genes. (F) The first three clusters are shown in which a node indicates a gene and the lines between them indicate the edge. Red color indicates upregulated genes and green represents downregulated genes. Differentially expressed genes between human and dog melanoma. (G) Relative expression of COL7A1 (healthy control, n=9), AKT3, ERRFI1, EGFR, NGF, IL6, MMP9 and IKBKB genes examined by RT-qPCR in healthy oral tissue (n=12) and oral melanoma (n=17). \*P\<0.05, \*\*\*P\<0.01, \*\*\*\*P\<0.0001. The bars indicate standard deviation (SD). RE, relative expression; COL7A1, collagen type VII alpha 1 chain; AKT3, AKT serine/threonine kinase 3; ERRFI1, ERBB receptor feedback inhibitor 1; EGFR, epidermal growth factor receptor; NGF, nerve growth factor; IL6, interleukin 6; MMP9, matrix metallopeptidase 9; IKBKB, inhibitor of nuclear factor kappa B kinase subunit beta.
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###### 

Top 20 novel differentially expressed genes in canine oral melanoma.

  Ensembl ID           Chromosome   Region                   Max group mean   Log~2~ fold change   FDR P-value
  -------------------- ------------ ------------------------ ---------------- -------------------- -------------
  ENSCAFG00000023728   17           61715810..61716667       6965.176802      −13.0728668          0
  ENSCAFG00000029470   7            Complement               4441.530653      −6.317147271         8.66135E-15
                                    (43565980..43569673)                                           
  ENSCAFG00000018586   4            67701614..67703002       1576.83413       −1.476555989         0.044341327
  ENSCAFG00000032057   26           27624214..27624534       1030.146501      6.625580707          3.22992E-14
  ENSCAFG00000031806   26           27626671..27632004       645.9357198      7.033040174          0
  ENSCAFG00000030258   8            Complement               585.378127       7.09342349           0
                                    (72906321..73387840)                                           
  ENSCAFG00000017655   30           Complement               554.1272685      1.5182161            0.02925338
                                    (35713470..35737559)                                           
  ENSCAFG00000000471   12           742518..744376           502.6434471      −14.74161241         0
  ENSCAFG00000031786   26           27605067..27616302       497.5464419      7.498002132          0
  ENSCAFG00000015206   21           40680858..40685074       476.1739252      7.802839134          0
  ENSCAFG00000030164   X            Complement               473.8678307      −1.319491428         0.025365105
                                    (82986436..82986741)                                           
  ENSCAFG00000019812   6            Complement               360.4657394      −2.977400921         4.13027E-06
                                    (42202578..42207944)                                           
  ENSCAFG00000023111   17           Complement               354.3255735      −1.423676            0.00159774
                                    (60984425..60987378)                                           
  ENSCAFG00000016966   30           27636259..27664073       309.6540468      2.174448832          0.018722413
  ENSCAFG00000032259   9            Complement               298.0600534      −8.627843471         0
                                    (37617977..37622560)                                           
  ENSCAFG00000019141   X            Complement               277.0573496      −1.266862717         0.016078337
                                    (119204969..119205259)                                         
  ENSCAFG00000032358   8            Complement               268.1075815      5.707864264          5.27351E-11
                                    (72847361..72852219)                                           
  ENSCAFG00000029493   26           27620223..27620543       264.9025566      6.875187743          1.58428E-08
  ENSCAFG00000014627   3            60899870..60901258       261.1790712      8.044118048          1.11703E-08
  ENSCAFG00000012022   17           59698670..59701290       254.5146118      −4.447052200         8.66135E-15

FDR, false discovery rate.

###### 

Abundant 'on-off' genes in canine oral melanoma.

  Name                 Chromosome   Max group mean   Log~2~ fold change   FDR P-value
  -------------------- ------------ ---------------- -------------------- -------------
  BGN                  X            750.6354384      5.44424503           0
  CXCL8                13           718.7157383      8.318634019          0
  PI3                  24           625.5995841      8.475895656          0
  KRT13                9            19890.23609      −11.27810332         0
  KRT71                27           7541.688327      −15.13319019         0
  S100A8               7            5616.157022      −6.39785469          0
  ARSF                 X            1426.603766      −12.19831506         0
  TGM3                 24           1376.03872       −15.43829609         0
  AQP3                 11           1324.472821      −11.7832697          0
  S100A14              7            1165.913739      −9.555767692         0
  SPRR3                17           1090.426813      −13.23899417         0
  S100A2               7            1023.838115      −8.469980831         0
  SFN                  2            769.2134926      −8.549424168         0
  RHCG                 3            723.8378326      −12.84073049         0
  SPINK5               2            646.388121       −11.37480897         0
  S100A16              7            549.0286762      −6.490015324         0
  KRT78                27           508.5240706      −11.77812871         0
  ENSCAFG00000031806   26           645.936          7.03304              0
  ENSCAFG00000030258   8            585.378          7.09342              0
  ENSCAFG00000023728   17           6965.18          −13.073              0
  ENSCAFG00000000471   12           502.643          −14.742              0

FDR, false discovery rate.
